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ABSTRACT
This work reexamines the dynamics of the 5:2 mean motion resonance with Jupiter located
in the Outer Belt at a ∼ 2.82 AU. First, we compute dynamical maps revealing the precise
structure of chaos inside the resonance. Being interested to verify the chaotic structures as
sources of natural transportation routes, we additionally integrate 1000 massless particles ini-
tially placed along them and follow their orbital histories up to 5 Myr. As many as 99.5%
of our test particles became Near-Earth Objects, 23.4% migrated to semi-major axis below 1
AU and more than 57% entered the Hill sphere of Earth. We have also observed a borderline
defined by the q ' 2.6 AU perihelion distance along which particles escape from the Solar
System.
Key words: minor planets, asteroids, general – meteorites, meteors, meteoroids – chaos –
diffusion
1 INTRODUCTION
Some of the most important resonances in our Solar System are
those capable of driving bodies from different parts of the Main Belt
down to the neighborhood of Earth, to the so called Near Earth Ob-
ject (NEO) region. By convention, NEO region is defined for per-
ihelion distances smaller than q ≤ 1.3 AU and aphelion distances
larger than Q ≥ 0.983 AU (Rabinowitz et al 1994).
A generally accepted dynamical scenario played by those ’im-
portant’ resonances evolves according to the following principle:
the asteroid is slowly driven into the resonance by the Yarkovsky ef-
fect (Vokrouhlický and Farinella 2000) or becomes directly injected
into it by some collisional event. The semi-major axis of the reso-
nant asteroid stays almost constant, while its eccentricity slowly in-
creases up to planet crossing values (Wetherill and Williams 1979;
Wisdom 1983), opening possibilities for close encounters. Depend-
ing on its proximity to the planet and mass, the asteroid may or may
not survive the close encounter. We do not go into detailed descrip-
tion of all the possible close encounter outcomes, but in general,
the small body continues its journey through the phase-space gov-
erned by the subsequent close encounters or captures into other res-
onance/s, until it collides with a planet or the Sun, becomes ejected
to hyperbolic orbits or drives out of the Solar system.
First systematic numerical studies on the most prominent
Main Belt resonances performed by Gladman et al (1997), showed
that the evolutionary processes driving bodies to the NEO region
unfold mostly due to three Main Belt resonances: the ν6 secular res-
onance located at a ∼ 2.1 AU, 3:1 and 5:2 mean motion resonances
(MMRs) with Jupiter, at a ∼ 2.50 AU and a ∼ 2.82 AU respec-
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tively. The 5:2 resonance, the subject of our study, was considered
as the least efficient in that respect, since most particles placed into
that resonance, after approaching Jupiter, were ejected out to hy-
perbolic orbits. Similar results were obtained in another round of
numerical studies by Bottke et al (2002), who claimed that only
8% of the NEO population comes from the outer belt (a > 2.8 AU
which includes the region of the 5:2 resonance). Furthermore, de
Elía and Brunini (2007) estimated that as many as 94% of NEAs
(Near Earth Asteroids) arrived from the Main Belt region inside the
5:2 MMR, confirming that the Outer Belt has a negligible role in
the dynamical processes supplying the NEO region.
On the other hand, spectral analysis suggests that a large num-
ber of ordinary L chondrite meteorites could have been driven down
to Earth from the outer belt in very short delivery times (<1-2 Myr).
The main candidate for the asteroidal source of L-chondrite mete-
orites is the outer belt asteroid family Gefion, whose fragments,
after a catastrophic breakup ∼ 470 Myr ago, rapidly evolved to
Earth-crossing orbits via the nearby 5:2 mean motion resonance
with Jupiter (Nesvorný et al 2009). However, the authors asserted
that ’a potential problem with this result should be the low effi-
ciency of meteorite delivery from the Gefion family location’.
Asteroid (3200) Phaethon, the parent body of the Geminids
meteor shower, arrived in the NEO region most likely from the as-
teroid family Pallas (located in the Outer Belt), via its bordering
8:3 or 5:2 MMRs with Jupiter (de Leon et al 2010). Still, dynami-
cal models in de Leon et al (2010); Bottke et al (2002) showed that
less than ∼ 1% of the test particles placed into the 5:2 resonance
recovered a Phaethon-like orbit. We mention another candidate that
most likely arrived from the Outer Belt Koronis family via the 5:2
resonance - one of the largest Potentially Hazardous Asteroids -
2007 PA8 (Sanchez et al 2015; Nedelcu et al 2014).
c© 2016 The Authors
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Thus, a growing number of meteorites and NEOs whose spec-
tral type indicates an Outer Belt origin and which have been driven
to the NEO region via the 5:2 resonance, does not match well with
its low transportation efficiency suggested in dynamical studies.
Let us notice that a common feature in the studies of Bottke et
al (2002); Gladman et al (1997); Morbidelli and Gladman (1998);
de Elía and Brunini (2007) and de Leon et al (2010) is that unbi-
ased initial data sets were used, with no particular selection from
the most unstable parts of the resonance. Moreover, Gladman et al
(1997) claimed that the initial location inside the resonance should
not have a significant influence on the orbital scenaria.
Here we reexamine the transportation abilities of the 5:2 reso-
nance using the same principle as in the above mentioned studies,
with the exception that the test particles are carefully chosen at the
most unstable parts of the resonance, whose localization is enabled
by the computation of highly precise FLI (Fast Lyapunov Indicator)
dynamical maps.
The article is organized as follows. In Section 2 we give a brief
definition of the Fast Lyapunov Indicator and in Section 3 we show
and describe the FLI maps we have computed using a Solar System
model with and without the inner planets. A short description of
the way we select the 1000 particles in order to confirm the high
transportation abilities of the 5:2 resonance is given in Section 4.
The resulting orbits are discussed in Section 5, while the Conclu-
sions are provided in Section 6. In the supplementary data (on-line
only) we list the exact initial values of the orbital elements of 1000
rapidly evolving particles and show some additional results on the
5:2 MMR.
2 THE FAST LYAPUNOV INDICATOR-FLI
The Fast Lyapunov Indicator (Froeschlé et al 1997b,a) is one of
the most efficient chaos detection tools used mainly to produce dy-
namical maps. In the beginning FLI was used for idealized systems
such as symplectic maps or simplified Hamiltonians (Froeschlé et
al 2000; Lega and Froeschlé 2003; Froeschlé et al 2005; Todorovic´
et al 2008, 2011), but later FLI was successfully applied in studies
of asteroids or planetary systems as well, starting from the close
neighborhood of Earth (Daquin et al 2016; Rosengren 2015), up to
the outer Solar System (Guzzo 2005, 2006). FLI maps were also
produced for the region between Earth and Venus by Bazsó et al
(2010), Main Belt maps were computed in Gales¸ (2012), investi-
gation of the asteroid family Pallas based on FLI maps was per-
formed in Todorovic´ and Novakovic´ (2015) and finally, exoworlds
have also been extensively studied by FLI, for example in Pilat-
Lohinger et al (2002); Dvorak et al (2003); Sándor (2007); Schwarz
(2011). What follows is a brief definition of FLI.
Let us consider a continuous dynamical system defined by a
set of differential equations
dx
dt
= F (x) (1)
where F : M → M is a differentiable function defined on a man-
ifold M ∈ Rn. For a given initial value x(0) and its corresponding
initial nonzero deviation vector v(0) lying in the tangent space Tx M
of M, the Fast Lyapunov Indicator is defined as the logarithm of the
norm of the deviation vector v(t) at some fixed time T , i.e. by the
quantity:
FLI(x(0),T ) = sup
t≤T
log ‖v(t)‖ (2)
In the above definition time T plays the role of a parameter,
while the supremum is used only to annul some local oscillations
that may influence the result.
When it comes to the numerical evaluation of FLI, one has
to follow both the orbit x and its corresponding deviation vector
v. Time evolution of x is obtained by integrating the equations of
motion (1), while the evolution of v is released by integrating the
so-called variational equations:
dv
dt
=
dF
dx
(x(t))v,
where dxF t is an operator which maps the tangent space of M at
point x onto the tangent space TF t(x) M at point F t(x).
If the orbit x is regular, the norm of its deviation vector ‖v(t)‖
grows linearly over time. For chaotic orbits ‖v(t)‖ grows exponen-
tially. Stronger chaos implies its faster increment and hence larger
FLI values.
Using FLI basically means that we do not have to wait a
long time for the orbit to show its dynamical character through the
asymptotic properties of its deviation vectors. The integration time
should be short enough just to capture the difference between reso-
nant, nonresonant or chaotic orbits of different strengths.
Moreover, Guzzo and Lega (2014) illustrated that tangent vec-
tors grow faster if the initial condition of the orbit is close to stable-
unstable manifolds of the hyperbolic fixed point of a resonance.
Such orbits will have small FLI ridges that can be captured only at
the beginning of the integration. Therefore, calculation of FLI maps
with a careful choice of the computing time allows a clear visual-
ization of the hyperbolic structures inside the resonance, opening
up many possibilities for their further investigation.
3 FLI MAPS OF THE 5 : 2 RESONANCEWITH JUPITER
The FLI maps of the dynamical structure in the region of the 5:2
mean motion resonance with Jupiter is represented on the two pan-
els composing Fig. 1. The first, above panel, is calculated taking
into account all the planets in the Solar System, from Venus to
Neptune, while Mercury’s mass is added to the mass of the Sun
and the corresponding barycentric correction is applied to the ini-
tial conditions. The lower, bottom map is computed including only
the outer planets: Jupiter, Saturn, Uran and Neptune.
For each of the particles regularly distributed along a [500 ×
500] grid for (a, e) = [2.785, 2.865]× [0.0, 0.55] we have computed
its corresponding FLI for 10 000 years. Inclinations for all the par-
ticles are set to i = 10◦ (corresponds to the orbital plane of the most
massive asteroid Ceres), while the orbital angles are fixed at ran-
dom values (Ω, ω,M) = (260◦, 70◦, 99◦). On the color scale, stable
particles with FLIs below 0.9 are red, while the most chaotic ones
with FLI > 1.1 are yellow.
All the calculations are made using the ORBIT9 integrator1
that operates on a symplectic single step method (implicit Runge-
Kutta-Gauss) as a starter and a multi-step predictor which performs
most of the propagation. The choice of the integrator is based on the
fact that it allows not only to integrate differential equations of mo-
tion but also a simultaneous integration of the corresponding varia-
tional equations, which are both involved in the estimation of FLI.
The integrations were performed on a cluster, where the calculation
time for one map is around 30 minutes2.
1 Available from http://adams.dm.unipi.it/orbfit/
2 The Fermi cluster located at the Astronomical Observatory of Belgrade
consists of 12 worker nodes, each node (HP SL390S blade server G7
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Figure 1. The region of the 5:2 mean motion resonance with Jupiter com-
puted with FLI using the full Solar System model (top) and outer planets
only (bottom). In the upper figure, chaos dominates in the region at larger
e. The separatrix becomes misshapen at e ∼ 0.3 and the region out of the
resonance is crowded by weak MMRs whose overlapping causes most of
the chaos visible in the figure. Removing the inner planets from the model
(bottom plot), cleared away the large number of MMRs and all the chaos
they generate, leading to the conclusion that MMRs visible in the top plot
are resonances with Venus, Earth or Mars. Considering that the masses of
the inner planets are relatively small, the amount of chaos they produce for
only 10 000 years is quite large. The very fine structure of chaos inside the
separatrix at lower e is not affected by the presence of inner planets.
The most evident difference between the two plots is the
amount of chaos. In the top panel, almost all particles out of the
5:2 MMR at higher e are chaotic. The line of the resonant border
becomes misshapen already at e ∼ 0.3 and a bunch of weak mean
motion resonances arises from the chaotic upper part of the picture.
X5675) has a 2xX5675(2x6core) processor, 3.1GHz, 24G memory, 2Tb
disc and 2xM2090 NVIDIA Tesla-fermi GPU cards.
In fact, a large number of resonances and their mutual overlapping
generates all the chaos visible on the map. The bottom plot lacks
chaos and a dense web of MMRs visible in the top panel. How-
ever, some weak thin vertical resonant-like shapes are visible in the
lower panel as well. We do not identify all those resonances (it is
beyond the scope of this paper and can be the subject of some fu-
ture research) but a direct comparison between the two plots leads
to the conclusion that resonances visible only in the top figure are
MMRs generated by the inner planets - Venus, Earth or Mars. Fol-
lowing the same logic, weak resonances visible only in the bottom
plot are caused by some of the outer planets.
We certainly do expect that the full Solar System model gen-
erates more chaos than the incomplete one, but having in mind the
relatively small masses of the inner planets, the amount of chaos
they produce for only 10 000 years is quite large.
The structure of chaos is clearly detected for eccentricities bel-
low e ∼ 0.3, where many peculiarly shaped thin yellow lines are
noticeable. Since their position and form remains unchanged on
both plots, we conclude that the fine structure of chaos at low ec-
centricities is not affected by the presence of inner planets.
We consider a realistic model, which means that the observed
structures should be placed exactly on the location we see on the
plot. On the other hand, the orbital space is 6-dimensional, while
the maps are 2-dimensional, i.e. the plots give a realistic, but only a
partial insight into the chaotic structure of the 5:2 MMR. We notice
that the peculiar structures look very similar to the traces of the
hyperbolic invariant manifolds of the saddle point of the resonance,
observed for example in Guzzo and Lega (2014, 2015). However,
potential affiliation of those structures to the hyperbolic set requires
a more detailed study and stronger theoretical grounds.
4 EVOLUTION OF 1000 TEST PARTICLES
The principal aim of this research is not only to illustrate the
beauty of chaos in one of the most important Main Belt reso-
nances, but also to show that the most unstable parts of the res-
onance do provide a fertile source of rapid delivery routes. For
that purpose, we have chosen 1000 test particles initially placed
along the chaotic structures visible on Fig. 1 and integrated them
up to 5 Myr. We chose particles knowing a priori they would be
’active’ as soon the integration starts. In this way a significant re-
duction of calculation time can be achieved, since nominal integra-
tion times used in similar studies (Gladman et al 1997; Bottke et al
2002; de Leon et al 2010) were much longer, up to 100 Myr. Ini-
tial semi-major axis and eccentricities of the particles are between
a ∈ [2.820, 2.834] and e ∈ [0, 0.22]. Initial values of the remaining
orbital elements are the same as for the computation of Fig. 1, that
is (i,Ω, ω,M) = (10◦, 260◦, 70◦, 99◦).
The integrations were stopped if the orbit became hyperbolic
or the particle reached semi-major axis larger than a > 100 AU.
The software used for integration (ORBIT9) deals well with planet
close encounters, but it can not simulate collisions. Therefore,
eventual planet-particle or particle-particle collision end states are
not registered in the integration.
It should be noted that all our test bodies lie in the same incli-
nation plane and have the same orbital angles. Therefore, the results
presented reflect the migration abilities of a very small portion of
the resonance. Selecting particles along all the 6 dimensions (or
at least for different sets of the remaining 4 variables) would pro-
vide a more generic result on the 5:2 MMR diffusion capacities, but
MNRAS 000, 1–9 (2016)
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a0 e0 a0 e0
2.8270400 0.0504400 2.8329999 0.1742000
2.8270800 0.0504400 2.8339601 0.1960400
2.8271201 0.0410800 2.8330400 0.1726400
2.8272400 0.0400400 2.8330801 0.1773200
2.8273201 0.0416000 2.8330801 0.1976000
2.8273602 0.0431600 2.8331201 0.1747200
2.8273602 0.0436800 2.8331201 0.1762800
2.8274400 0.0452400 2.8331201 0.1768000
2.8274400 0.0457600 2.8331201 0.2033200
2.8274801 0.0520000 2.8205600 0.1424800
2.8259602 0.0416000 2.8332000 0.1768000
2.8259602 0.0514800 2.8332000 0.1773200
2.8251200 0.0078000 2.8332000 0.1996800
2.8260000 0.0421200 2.8332400 0.2043600
2.8260000 0.0452400 2.8332801 0.2142400
2.8205600 0.1430000 2.8268800 0.0171600
2.8206401 0.1414400 2.8269200 0.0078000
2.8209600 0.1341600 2.8275201 0.0114400
2.8210402 0.1326000 2.8262801 0.0192400
2.8208802 0.1357200 2.8226800 0.1492400
2.8218000 0.1253200 2.8267601 0.0161200
2.8205600 0.1424800 2.8262401 0.0052000
Table 1. Initial semi-major axis and eccentricities of some test particles
used in our integration. The complete Table 1 (containing initial values
for all 1000 particles) is given in supplementary material. The initial in-
clination, longitude of the node, longitude of the perihelion and the mean
anomaly are fixed on (i,Ω, ω,M) = (10◦, 260◦, 70◦, 99◦). All the coordi-
nates are given in the osculating orbital elements for the epoch JD 2456200.
this approach is computationally very demanding, goes beyond the
scope of this paper and will be the subject of further investigation.
5 RESULTS
Considering that the 5:2 MMR is one of the best studied resonances
in the Solar System, we will not repeat the known results on its dy-
namics, but rather focus on some new aspects of its transportation
abilities. Since some results show a very large disagreement with
previous studies on the 5:2 MMR, in addition (Table 1 in supple-
mentary data) we list the exact values of the initial orbital elements
of the 1000 test particles, so that the reader can reproduce the same
integration. One part of Table 1 is given below.
5.1 Transportation to the NEO Region
As many as 99.5% of the test bodies became NEOs. More pre-
cisely, 995 out of 1000 particles at some moment reached perihe-
lion distances smaller than q < 1.3 AU. Statistical representation
of the entry rates into the three NEO groups: Amors (1.0167AU ≤
q ≤ 1.3AU), Apollos (a ≥ 1.0AU, q ≤ 1.0167AU) and Athens
(a < 1.0AU,Q ≥ 0.983AU) is given on Fig. 2.
The large amount of material migrating from the 5:2 reso-
nance into the NEO region was not observed in earlier studies.
For example, in Gladman et al (1997); Bottke et al (2002) or de
Elía and Brunini (2007) this percentage was less than 10%. Such
disagreement is primarily attributed to the way we choose initial
conditions.
In order to illustrate this, we compare the chaoticity of test par-
ticles used in different studies. That is, we compute the FLI values
Figure 2. Number of particles (N) reaching the region of Amors (upper
curve) Apollos (middle curve) and Athens (lower curve). First entries are
recorded after 35 000, 49 500 and 82 000 years, median times of those
entries are 0.26 Myr, 0.35 Myr and 0.68 Myr, and the total number of bodies
reaching into the three NEO groups are 995, 991 and 225, respectively.
Figure 3. Distribution of FLI values of the particles used in this work (top),
in Bottke et al 2002 (middle) and Gladman et al 1997 (bottom). The FLIs
on the top plot have systematically larger values than the ones from the two
plots below. Accordingly, they should have stronger migration abilities.
of the initial data set used in this work, with the FLIs of the parti-
cles that were chosen in the same way as in Gladman et al (1997)
and Bottke et al (2002). The three resulting histograms are given
on Fig.3.
Considering the work of Gladman et al (1997), we sampled
1000 test bodies in between the borders of the 5:2 resonance in
the region of the Gefion asteroid family and computed their FLI
values for 10 000 yrs. The corresponding histogram is given in the
bottom panel of Fig.3. The FLIs range between 0.55 < FLI < 1.25.
Among them, as many as 91.5% bodies have FLI < 1.1. We know
from Fig.1 that such particles are not very chaotic, i.e. they are not
the best candidates to drift rapidly through phase-space.
In Bottke et al (2002) the particles were sampled over a large
part of the Outer Belt. For a detailed description of how the test
MNRAS 000, 1–9 (2016)
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Figure 4. Random walk of the perihelion distance for one particle illustrat-
ing multiple entries into the NEO region (shadowed area). The residence
time after its first entry (at ∼ 50000 years) is only a few 100 years. The
longest stay below the q = 1.3 AU line is 80 000 years and is marked with
a bold line starting at t = 1.3 · 106 yrs.
bodies were selected, see section 2.5 in Bottke et al (2002). Follow-
ing this description, we took 1000 asteroids with 2.83 < a < 2.95
and 2.40 < q < 2.60 from the Ted Bowell database (available at
http://asteroid.lowell.edu) and computed their FLIs for the same
amount of time, 10 000 years. The relevant histogram is given in the
middle panel of Fig.3. Here FLIs range between 0.25 < FLI < 1.20
and they have somewhat smaller diversity. A strong peak appears
at FLI ∼ 1.03, but only 5 asteroids are strongly chaotic having
FLI > 1.1.
The FLI distribution of the 1000 particles used in this study
is given on the top panel of Fig. 3. FLIs range between 0.77 <
FLI < 1.33, but as many as 75.2% bodies have FLIs larger than
FLI > 1.1, i.e. a large majority is very chaotic justifying their fast
migration abilities.
Time scales at which the 5:2 MMR increases eccentricities up
to planet crossing values are similar to the ones observed in earlier
studies. In both semi-analytical (Yoshikawa 1991) and numerical
studies (Ipatov 1992; Morbidelli and Gladman 1998) those times
where estimated on ∼ 105 years. Here, median time, i.e. time at
which 50% of the particles became NEOs, is Tmed = 2.5 · 105 yrs.
The mean time (arithmetical mean) of the first entry into the NEO
region is Tmean = 4 · 105 yrs.
We are also interested to estimate the mean lifetime the objects
spend in the NEO region. This estimation is often uncertain because
most particles make multiple entries (and reentries). The situation
is illustrated in Fig. 4, where we can follow the irregular behavior of
the perihelion distance q for one particle, along with its numerous
entries into the NEO region (marked by the shaded area). The first
time the object became a NEO was at t ∼ 50000 yrs, but only for
a few 100 yrs. The longest time it persisted below the NEO border
was 80 000 yrs. In Fig. 4, this interval is marked with a bold line (at
t ∼ 1.3 Myrs). The mean value of the first stay in the NEO region is
relatively short, Tmean = 37000 yrs. The mean value of the longest
stay is Tmean = 0.2 Myr, comparable with the result from Bottke et
al (2002) where this time was estimated on Tmean = 0.19 Myr.
5.2 Migration to the Sun
A large number of asteroids migrated closer to the Sun as well.
Here we are able to directly compare (Table 5.2) our results with the
ones from Gladman et al (1997) and Bottke et al (2002). According
Figure 5. Number of particles (N) migrating down to smaller semi-major
axis: to a < 2 AU (top curve), to a < 1 AU (middle curve), and to perihelion
distances with Sun grazing values q < 0.005 AU (bottom curve). The first
entries into the three regions are registered after 80500, 81000 and 251000
years, median times of the entries are 0.67 Myr, 0.66 Myr and 1.63 Myr,
and the total number of particles reaching the three criteria are 253, 234 and
70, respectively.
This
work
Gladman
et al 1997
Bottke
et al 2002
Number of particles 1000 146 359
Integration time (Myr) 5 100 100
Ever have a < 2 AU (%) 25.3 1.4 <6
Ever have a < 1 AU (%) 23.4 0 -
Ever have q < 0.005 AU (%) 7 7.5 -
Table 2. The fraction of particles reaching semi-major axis values lower
than a < 1 AU, a < 2 AU and perihelion distances q < 0.005 AU observed
in this work and in Gladman et al (1997) and Bottke et al (2002). We also
give the total number of particles and the integration times in all the three
studies.
to those studies, the 5:2 MMR was not capable of driving bodies to
semi-major axis below a < 1 AU. In our integration, this result is
significantly different, as many as 23.4% of the particles entered the
a < 1 AU region. A similar situation is observed for the orbits with
a < 2 AU, 25.3% of the bodies at some point reached semi-major
axis below 2 AU, while in Bottke et al (2002) this fraction did not
exceed 6%.
The rate of Sun-grazing bodies, i.e. bodies that have perihelion
distances smaller than q < 0.005 is 7%. Among the 70 Sun grazers,
69 got there by increasing eccentricities close to 1, while only one
particle actually approached the Sun due to the decrement of the
semi-major axis down to 0. Therefore we can conclude that low
values of q are not affected by the decrease of a. This could explain
why we obtained almost the same result as Gladman et al (1997),
where no particles with low a have been observed, but the percent
of bodies with q < 0.005 was 7.5%, close to the value obtained in
this study.
The entry rates into the regions with a < 1 AU, a < 2 AU and
q < 0.005 AU are given on Fig.5.
5.3 Close encounters
As mentioned above, the software we use does not register colli-
sions (we do not treat any physical parameters required for those
estimates). Therefore we ’simulate’ high collision probabilities by
decreasing close approach distances down to 0. Our integrations are
performed with nominal close approach distances (d = 0.01 AU for
inner planets and D = 1 AU for outer planets). Since an enormous
MNRAS 000, 1–9 (2016)
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Planet (%)
Venus 46.0
Earth 57.4
Mars 63.0
Jupiter 98.5
Saturn 67.3
Uran 42.6
Neptune 25.1
no close enc. 0.6
Table 3. The percentage of bodies entering the Hill spheres of each planet
in the model. Jupiter dominates with 98.5%. The number of bodies ap-
proaching other planets decreases gradually as we move away from the
resonance, both inwards and outwards the Solar System, while 6 particles
avoid any close encounters.
number of close encounters was registered, we repeat the integra-
tion for smaller values of d and D.
That is, we set close approach distances to the radius of the
Hill spheres of the planets (d = 0.007 AU for inner planets and
D = 0.7 AU for outer planets) and count the number of bodies
entering the Hill spheres. It should be noted that changing close
approach distances does not affect any other aspect of the evolved
orbits (except that it counts close encounters), and that one parti-
cle usually has several planet rendezvous before it ends its journey
through the Solar System.
In Table 3 we give the percentage of bodies entering the Hill
sphere of each planet in the model. As expected, Jupiter dominates
with 98.5% bodies approaching it. The large amount of bodies get-
ting close to it should not be a surprise, since most particles placed
in the 5:2 MMR are ejected out of the system by Jupiter. The num-
ber of bodies approaching other planets decreases gradually as we
move away from the resonance, both inwards and outwards the So-
lar System, while 6 particles stayed in the resonance avoiding any
close encounters.
The amount of bodies entering the Hill sphere of Earth is very
high, 57.4%. This result was reconsidered in a new round of nu-
merical integration, where the close approach distances were set
to d = 0.001 AU. We have found 5 bodies approaching Earth that
close. The integrations were repeated for smaller values of d, un-
til no close encounters were registered. The lowest such limit was
d = 0.0007 and two bodies were found to have approached Earth
that close.
Although we were not able to estimate exact Earth collisional
probabilities, the above result suggests that, if we choose particles
at the most unstable parts of the resonance, the 5:2 resonance has
at least one order of magnitude higher collisional probability with
Earth, than the one observed in Morbidelli and Gladman (1998)
or de Elía and Brunini (2007), where this value was estimated on
Pcol ∼ 10−4.
5.4 Final destinations
End states of the integrated particles are also under consideration.
Distribution of their final positions in the (a, e) plane is given in
Fig. 6. The pink squares are the positions of the 42 survivors at
the end of the integration. The 5 particles that stayed in the reso-
nance and had not managed to raise up to planet crossing values are
marked with purple triangles. The green dots (320 of them) are the
locations from which the particles were ejected to hyperbolic orbits
and the blue ones (638 of them) are the positions from which the
bodies were thrown out to a > 100 AU.
A large majority of those eliminations were caused by Jupiter,
since most of the final positions are distributed along and in be-
tween the lines of its perihelion (qJ) and aphelion (QJ) distances.
Some eliminations can be credited to other planets as well. For ex-
ample, to Venus, the two green dots lying on the perihelion line
qV at (a, e) ∼ (2, 0.64) and (2.2, 0.67) or Earth, the blue dot on the
line QE at (a, e) ∼ (0.58, 0.72). However, those removal scenaria
confirm the expected and well known dynamical scheme of the 5:2
resonance. Median lifetimes of the particles (0.8 Myr) are in good
agreement with previous results (Gladman et al 1997).
The unexpected source of elimination is the sickle shaped line
marked with a full green line. Since we have not found any reso-
nance on that direction, it is uncertain if those removals are caused
by some unknown resonance or another dynamical (or even nu-
merical) mechanism. We have fitted a q line through this removal
course, which corresponds to the perihelion distance q ' 0.26 AU.
As mentioned above, all our test bodies lie in the same incli-
nation plane and have the same values of the orbital angles. This
could mean that the pathways along the q ' 0.26 AU are simi-
lar because the particles are taken from a narrow region inside the
resonance. We repeat therefore the same integration (as described
in Section 4) for other data sets, where the chaotic particles were
selected for different (i,Ω, ω,M) combinations. It should be noted
that the peculiar structures visible on Fig.1 were not observed in
those cases (see Figures provided as supplementary material). We
do not go into the details of statistical properties of those orbits, but
focus on their final positions in the (a, e) plane. Those positions are
distributed in the same fashion as in Fig.6, including the elimina-
tion course along q ' 0.26 AU3.
Thus, our results clearly suggest that the q ' 0.26 AU line
may be a natural inner stability border of the NEO region. Let us
recall a recent work of Granvik et al (2016), where it was found
that NEOs do not survive certain low values of q. As claimed by
the authors, most such removals are credited to super-catastrophic
breakups depending largely on the physical properties of NEOs (di-
ameter, masses, albedo). Here we have observed a clear limitation
in q, although we do not consider any of those physical parameters.
This leads to the conclusion that the disappearance of NEOs at low
q may also have a dynamical character.
According to Bottke et al (2002), a typical pathway of a test
particle starting in the Main Belt could be illustrated by the follow-
ing scheme:
MainBelt → Resonances→ NEO→ sink
where the so-called sink is a dynamical route along which most
particles escape from the Solar System or fall on the Sun.
If we look at the orbital pathways of our individual test parti-
cles reaching low perihelion distances, we notice that most of the
bodies travel along a direction close to the mentioned q ' 0.26
AU line. Therefore, we identify this line with the so called sink and
modify the above scheme in the following way:
MainBelt → 5 : 2 resonance→ NEO→ q ' 0.26AU.
In order to illustrate this, we have randomly chosen four par-
ticles that reach low q and have shown their orbital pathways in
the (a, e) plane in Fig. 7. The q = 0.26AU boundary is marked
with a full line on all the four panels. Each of the four particles,
3 See bottom panels in Fig. 10 and Fig. 11 in the supplementary material.
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after reaching high eccentricities and leaving the 5:2 resonance (or
the neighboring resonances), navigates along a direction close to
the q = 0.26AU course and leaves the system. Thus, the direc-
tion which we identified as a natural stability border, at the same
time represents a dynamical highway along which particles travel
to their final destination.
5.5 3200 Phaethon
In this final part, we will count the test bodies recovering the orbit
of the asteroid (3200) Phaethon. That is, we search in the (a, e, i)
element space those particles that at some moment of the integra-
tion satisfy the following criteria |a− aPh| < 0.1, |e− ePh| < 0.1 and
|i− iPh| < 3, where (aPh, ePh, iPh) are the semi-major axis, eccentric-
ity and inclination of the asteroid (3200) Phaethon whose values
are (aPh, ePh, iPh) = (1.271, 0.889, 22.243).
According to the results in Bottke et al (2002) Phaethon had
a 0 probability of coming from the Jupiter family comets or Outer
Belt region. This probability increased to 1% in the work of de
Leon et al (2010). Among our 1000 test particles, we have found
80 bodies satisfying the above criteria, increasing this probability
up to 8%.
6 CONCLUSIONS
The main results of this paper are summarized below.
• We have computed dynamical maps of the 5:2 MMR for Solar
System models with and without the inner planets. A direct com-
parison between them enabled a detection of weak neighboring res-
onances with inner planets.
• We have observed chaotic structures inside the 5:2 resonance
and we have illustrated that those structures represent a very effec-
tive source of transportation processes.
• Time scales of the 5:2 MMR removal abilities are not sig-
nificantly shortened, but the amount of material becoming NEOs
(99.5% of the test bodies), reaching semi-major axis below 1 AU
(23.4%) or entering the Hill sphere of Earth (57.4%) show a large
disagreement with earlier studies. However, we point out that this
mismatch is primarily attributed to the choice of initial conditions
which are selected intentionally along the most unstable parts of the
resonance that should have highly efficient transportation abilities.
• The final destinations in the (a, e) plane suggest that in addi-
tion to the main removal course caused by Jupiter, most particles
are ejected out from an unknown direction defined with q ' 0.26
AU. Dynamical origin of this elimination line requires further in-
vestigation.
• The percentage of our test particles that recovered a Phaethon
like orbit is 8%.
Using sensitive numerical methods, we have shown that the
5:2 MMR with Jupiter has strong dynamical removal abilities that
can drive a large amount of bodies in the close neighborhood of
Earth. This result could explain the growing number of NEOs and
meteorites that are identified as former members of the asteroid
families located in the Outer Belt.
Applying this method on a single resonance enabled us to ob-
serve the ’hidden potential’ of its transportation abilities. Although
the above results have to be analyzed further in future work, we
conclude that extending the same method to other regions in the
Solar System and other resonances could provide a clearer insight
and a better understanding of the orbital migration phenomena.
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Figure 6. Final distribution of the 1000 test particles in the (a, e) plane. The green and blue dots are the positions from which the particles were ejected to
hyperbolic orbits and orbits with a > 100 AU. Those removals are clearly concentrated along and in between the perihelion (qJ) and aphelion (QJ) lines of
Jupiter. An undefined source of removals is the sickle shaped line following a direction whose best numerical fit corresponds to q ' 0.26 AU (marked with a
green full line). Since no secular resonances were found at this location, the q ' 0.26 AU course may represent a natural stability border of the inner Solar
System. The survivors are marked with pink squares and the purple triangles are the positions of the 5 particles that have remained in the resonance avoiding
close encounters.
Figure 7. Orbital pathways in the (a, e) plane for four different orbits that during some time navigate along the q ' 0.26 AU course (full blue line on the above
panels). We identify this line with the so-called sink, a dynamical route that particles follow before they are eliminated from the system. The particles on the
above figures are randomly chosen among the ones that have reached low perihelion distances.
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